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Ni-doped Sr2 Fe1.5 Mo0.5 O6-δ as Anode Materials for Solid Oxide
Fuel Cells
Guoliang Xiao,a Siwei Wang,a,∗ Ye Lin,a Zhibin Yang,b Minfang Han,b,z
and Fanglin Chena,∗∗,z
a Department of Mechanical Engineering, University of South Carolina, Columbia, South Carolina 29208, USA
b School of Chemical and Environment Engineering, China University of Mining and Technology, Beijing 100083,

China
10% Ni-doped Sr2 Fe1.5 Mo0.5 O6-δ with A-site deficiency is prepared to induce in situ precipitation of B-site metals under anode
conditions in solid oxide fuel cells. XRD, SEM and TEM results show that a significant amount of nano-sized Ni-Fe alloy metal
phase has precipitated out from Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ upon reduction at 800◦ C in H2 . The conductivity of the reduced composite
reaches 29 S cm−1 at 800◦ C in H2 . Furthermore, fuel cell performance of the composite anode Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ -SDC
is investigated using H2 as fuel and ambient air as oxidant with La0.8 Sr0.2 Ga0.87 Mg0.13 O3 electrolyte and La0.6 Sr0.4 Co0.2 Fe0.8 O3
cathode. The cell peak power density reaches 968 mW cm−2 at 800◦ C and the voltage is relatively stable under a constant current
load of 0.54 A cm−2 . After 5 redox cycles of the anode at 800◦ C, the fuel cell performance doesn’t suffer any degradation, indicating
good redox stability of Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ . Peak power density of 227 mW cm−2 was also obtained when propane is used as
fuel. These results indicate that a self-generated metal-ceramic composite can been successfully derived from Sr2 Fe1.5 Mo0.5 O6-δ by
compositional modifications and Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ is a very promising solid oxide fuel cell anode material with enhanced
catalytic activity and inherited good redox stability from the parent ceramic material.
© 2014 The Electrochemical Society. [DOI: 10.1149/2.061403jes] All rights reserved.
Manuscript submitted November 8, 2013; revised manuscript received December 6, 2013. Published January 1, 2014. This was Paper
760 presented at the San Francisco, CA, Meeting of the Society, October 27-November 1, 2013.

Ceramic anode materials have drawn a lot of attention due to their
potentially better stability in different fuels or under redox cycling in
solid oxide fuel cells (SOFCs) comparing with the conventional Nibased cermet anodes. Among the proposed ceramic anode candidates,
perovskite-type oxides, such as LaCrO3 -based and SrTiO3 -based materials, have been intensively studied due to their relatively high mixed
conductivity and good stability in reducing atmospheres.1–4 Recently,
a new class of Sr2 M1-x Mox O6-δ materials (M = Mn, Fe, Co, Ni, 0 <
x < 1) with double perovskite structure have been demonstrated as
anode materials for SOFCs.5–9 This type of material has various B-site
cation choices in a wide range of compositions, offering flexibility in
tuning their properties. Several interesting anode candidates with this
structure have been reported with good stability in different fuels and
under redox cycling.6,9
Ceramic anode materials exhibit good stability but there are still
considerable needs for improving their overall cell performance. One
of the limiting properties of these ceramic candidates is their relatively
low catalytic activity. Many studies have shown that the fuel cell performance can be dramatically improved by introducing a small amount
of metal catalysts to these mixed conductors.10–14 Unlike the cermet
materials which require a large volume ratio of the metal phase to provide percolating conductive passage, it is possible to fabricate highly
dispersed metal catalyst on the mixed-conducting ceramic backbones.
With good mixed conducting properties, the ceramic materials may
help stabilizing the metallic catalyst phase, promoting their catalytic
activity and eventually mitigating the instability issues that cermet
anodes typically have. Several reports have demonstrated both enhanced activity and stability of the metal modified ceramic anode
materials.11,13,14
Regarding the modification method, infiltration is always an easy
and effective way to obtain the supported catalysts on porous substrates and many reported metal modified ceramic anodes have been
prepared by this approach as mentioned above. Recently, in situ generation of metal particles from oxides has been considered as an
alternative way to obtain the supported metal catalysts in certain oxide material systems.15–19 Compared with the infiltration approach, in
situ generation of metal particles is much simpler and is less affected
by other factors such as the morphology of the ceramic backbones.
The size and loading amount of the metal particles are determined by
∗
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the chemical properties of the oxides and the metallic catalyst distribution may be more homogeneous since the metals are precipitated
directly from the ceramic lattice. Nano-sized Ni, Ru, and Pd particles
have been reported to be uniformly dispersed on oxides via reduction of LaCrO3 - or NbTi0.5 Ni0.5 O4 - based materials and enhanced
fuel cell performance has been observed with these composite anode
materials.15–18 By exposing Pr0.4 Sr0.6 Co0.2 Fe0.7 Nb0.1 O3 to a reducing
environment at 900◦ C, nano-sized Co-Fe alloy particles supported on
a ceramic matrix have been obtained. Besides the enhanced anode activity, an interesting regenerative behavior upon in situ redox cycling
has also been achieved in this material system.19
Previously, we have successfully improved Sr2 Fe1.5 Mo0.5 O6-δ anode performance by incorporating a small amount of Ni through
infiltration.13,14 Since Ni shows good catalytic activity and can be
more easily reduced than Fe, in this study we substitute Fe on the
B-site of Sr2 Fe1.5 Mo0.5 O6-δ with 10% Ni and expect to in situ generate
metal-ceramic composite anode under the fuel cell operating conditions. By introducing slight A-site deficiency, precipitation of metal
particles on the ceramic matrix has been facilitated. The electrochemical performance and stability of the obtained composite anode are
systematically studied.
Experimental
Material synthesis.— Sr2 Fe1.4 Ni0.1 Mo0.5 O6-δ and Sr1.9 Fe1.4 Ni0.1
Mo0.5 O6-δ were prepared by a combustion process. Stoichiometric
amount of (NH4 )6 Mo7 O24 4H2 O was first dissolved in deionized
water. To prepare 0.01 mole of the oxide, 2g of citric acid was
then added to the solution as a chelating agent to prevent precipitation of the molybdate salt. Sr(NO3 )2 , Fe(NO3 )3 9H2 O and
Ni(NO3 )2 6H2 O were then dissolved and a clear yellowish solution was formed. Finally, 15g of glycine was added as a combustion
agent and the solution turned dark red. The as-prepared solution was
heated by a microwave oven with 1000 W power until self-ignition
took place. The ash was then collected and heat-treated at 1100◦ C in
air for 5 h to form the perovskite structure. The interlayer material
La0.4 Ce0.6 O2 (LDC) and the cathode material La0.6 Sr0.4 Co0.2 Fe0.8 O3
(LSCF) were prepared by a similar citric acid-assisted combustion
method. La0.8 Sr0.2 Ga0.87 Mg0.13 O3 (LSGM) electrolyte powder was
synthesized by solid-state reaction.
Characterization.— XRD patterns of the powders were
recorded using a D/MAX-3C X-ray diffractometer with graphitemonochromatized Cu Kα radiation (λ = 1.5418 Å). XPS was
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measured using a Kratos Axis Ultra DLD instrument and spectra were
calibrated by C 1s at 284.6 eV. SEM images of the powders before and
after reduction were evaluated using a Zeiss Ultra plus Thermal Field
Emission Scanning Electron Microscope. The metal-ceramic composite achieved by reducing Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ was also characterized by high-resolution transmission electron microscopy (HRTEM).
The powders were dispersed in ethanol and well sonicated before
dipped onto Holey Carbon 400 mesh Cu grid (Ted Pella, Inc.). JEOL
3000F with a point-to-point resolution of 0.17 nm operating at 300 kV
and JEOL2100F equipped with a Schottky field-emission gun (FEG),
with Cs = 1.0 mm operated at 200 kV were used for imaging. EDX
tests were carried out in the STEM mode.
Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ was pressed into a rectangular bar
(40 × 6 × 2 mm3 ) and sintered at 1300◦ C for 6h for electrical conductivity measurement. Ag wires and Ag paste were used to attach four
probes on the sintered bar sample. The bar with attached Ag wires was
placed in a tubular furnace with air or H2 (3 vol% H2 O) flowing at a
rate of 80 mL min−1 and the resistance was recorded by a multimeter
(Keithley model 2001 7–1/2 DDM) in a dc four-probe configuration
from 800 to 400◦ C. For the conductivity measurement in H2 , the bar
was first reduced at 800◦ C for 10 h before the data was collected.
Cell fabrication and test.— LSGM powder was pressed into pellets
and sintered at 1450◦ C for 10 h to form dense electrolyte membranes.
Electrode inks and LDC ink were made by mixing the powders with
a Heraeus binder V006 at a weight ratio of 1:1.5. The LDC layer
to prevent the reaction between LSGM and Ni from the anode was
fabricated by painting the LDC ink on the LSGM electrolyte pellet
followed by sintering at 1350◦ C for 2 h. The anode was then painted
on the LDC layer and the cathode was painted on the other side of the
LSGM electrolyte pellet. After drying, the electrodes were co-fired in
air at 1100◦ C for 2 h. Au paste and Pt paste were painted on the anode
and cathode, respectively and fired at 1000◦ C for 0.5 h to form the
current collector. Two wires were connected to each electrode and the
cells were tested in a four-probe configuration. The flow rate of the
fuel gas was set to 40 mL min−1 and ambient air was used as oxidant. A
Versa STAT 3–400 test system (Princeton Applied Research) was used
for electrochemical characterizations. For electrochemical impedance
measurements, 10 mV of ac perturbation was applied and impedance
spectra were measured from 106 Hz to 0.02 Hz.
Results and Discussion
Pure cubic perovskite phases of Sr2 Fe1.4 Ni0.1 Mo0.5 O6-δ and
Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ can be obtained by firing the precursors at
1100◦ C in air for 5 h. As shown in Figure 1a, no impurity peak was
detected in the XRD patterns for both compositions. The only difference is that the XRD peaks of the Sr-deficient one slightly shifted to
lower angles as shown in Figure 1b, indicating that the lattice was
expanded. The lattice expansion in Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ is consistent with those reported for A-site deficient composites in other

Figure 1. a) XRD pattern of Sr2 Fe1.4 Ni0.1 Mo0.5 O6-δ and Sr1.9 Fe1.4 Ni0.1
Mo0.5 O6-δ synthesized in air at 1100◦ C, and b) enlarged (110) peak.
Table I. Lattice constant and crystalline size calculated from XRD
pattern.

Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ
Sr2 Fe1.4 Ni0.1 Mo0.5 O6-δ

Lattice Constant (Å)

Crystalline size (nm)*

3.9243(6)
3.9195(5)

42.6(9)
33.2(8)

*Based on FWHM of (110) peak.

systems.20 The cation deficiency can be accompanied by generating
oxygen vacancies and p-type defects in the lattice for charge compensation. The general decrease in oxygen content results in the lattice
expansion in these A-site deficient composites. The lattice parameters
and crystalline sizes of both samples were calculated by Jade software and listed in Table I. Larger crystalline particles were obtained
for Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ , indicating the A-site deficient sample is
also easier to be sintered, consistent with other reports.21 The lattice
parameter of Sr2 Fe1.4 Ni0.1 Mo0.5 O6-δ is slightly smaller than that of
Sr2 Fe1.5 Mo0.5 O6-δ due to the p-type doping of Ni which also increases
the concentration of Fe4+ , the p-type defects.
In order to verify the impact of p-type doing of Ni on the
oxidation state of Fe, XPS was conducted for Sr2 Fe1.5 Mo0.5 O6-δ ,
Sr2 Fe1.4 Ni0.1 Mo0.5 O6-δ and Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ and the Fe 2p core
levels are shown in Figure 2. Previously, the Fe oxidation states in a
series of Mo-doped SrFeO3-δ have been analyzed by fitting Fe 2p 3/2
signal with three interval-fixed peaks, which are assumed to correspond to Fe4+ , Fe3+ and Fe2+ , respectively.22 The estimated results
are well consistent with the observation from neutron diffraction.
Considering the similar material compositions, the fitting model was

Figure 2. Fe 2p core levels of (a) Sr2 Fe1.5 Mo0.5 O6-δ , Sr2 Fe1.4 Ni0.1 Mo0.5 O6-δ and Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ .
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Table II. Fitting results for Fe 2p 3/2 signal.
Binding Energy (eV)

Sr2 Fe1.5 Mo0.5 O6-δ
Sr2 Fe1.4 Ni0.1 Mo0.5 O6-δ
Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ

Area Ratio (%)

I

II

III

I

II

III

Oxidation State of Fe

Oxygen Content

711.58
710.89
710.96

710.17
709.48
709.55

709.24
708.55
708.62

33.94
56.77
59.76

48.02
43.23
40.24

18.04
0
0

3.16
3.57
3.60

5.87
5.81
5.71

directly applied in this work as well. The fitting results are shown in
Table II. The fitting peak III corresponding to Fe2+ is reduced significantly in both Ni-doped samples, indicating a p-type electronic
compensation mechanism for Ni-doping and resulting in an increase
in oxidation state of Fe. It can be noted that the oxidization state
of Fe is even slightly higher in Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ than that in
Sr2 Fe1.4 Ni0.1 Mo0.5 O6-δ due to the partial electronic charge compensation for the cation deficiency as discussed above. According to
the average oxidation state of Fe and assuming that Ni2+ and Mo6+
occur in the oxide in oxidizing atmosphere, the oxygen content for
each composition can be estimated and the results are also listed in
Table II. The value for Sr2 Fe1.5 Mo0.5 O6-δ is consistent with
those reported elsewhere.22,23 The oxygen content is 5.81 for
Sr2 Fe1.4 Ni0.1 Mo0.5 O6-δ and 5.71 for Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ , which
are in agreement with our expectations.
Figure 3 shows the XRD patterns of Sr2 Fe1.4 Ni0.1 Mo0.5 O6-δ and
Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ after reduction at 800◦ C in H2 (3vol% H2 O)
for 10 h. Besides the major perovskite phase, secondary phases were
also detected in the reduced samples. By contrast, the un-doped
Sr2 Fe1.5 Mo0.5 O6-δ still showed pure perovskite phase under similar
treatments as observed in our previous work.6 The Gibbs free energy
for reduction of Ni oxide and Fe oxide at 800◦ C were calculated using
the HSC Chemistry program and listed below.
N i O(s) + H2(g) = N i (s) + H2 O(g)

G = −46.5 kJ mol−1

[1]

3
3
1
Fe2 O3(s) + H2(g) = Fe(s) + H2 O(g)
2
2
2

G = −12.5 kJ mol−1
[2]
From Eq. 1 and Eq. 2, it can be seen that both reduction reactions
are thermodynamically favorable in typical SOFC anode conditions
but Ni oxide is much easier to be reduced than Fe oxide. The high
oxidation state of transition metal cations can be stabilized when
forming a perovskite structure. In our previous work, we observed
that Mo-doping in Sr2 Fe1.5 Mo0.5 O6-δ further improved its stability in
reducing atmospheres and no metal Fe was formed under the SOFC

Figure 3. XRD pattern of Sr2 Fe1.4 Ni0.1 Mo0.5 O6-δ and Sr1.9 Fe1.4 Ni0.1
Mo0.5 O6-δ after reduction in H2 (3 vol% H2 O) at 800◦ C for 10 h.

operating conditions. However, substitution of Ni for Fe may reduce
the stability of Sr2 Fe1.5 Mo0.5 O6-δ . The stability of several double perovskite anode materials has recently been systematically investigated,
in which good chemical stability of Sr2 Fe1.5 Mo0.5 O6-δ and decomposition of Sr2 NiMoO6-δ in reducing conditions have been reported.24 The
decrease of phase stability in reducing atmospheres triggered metal
phase formation in Ni-doped Sr2 Fe1.5 Mo0.5 O6-δ . The cubic Ni-Fe alloy
phase (JCDPS#41–1417) was detected in both samples after reduction as shown in Figure 3. However, in the stoichiometric composition,
once the Ni-Fe phase starts to precipitate, excess Sr on the A-site may
cause formation of some Sr-rich phase, shown as a shoulder peak at
around 31 degree, which may inhibit further formation of the metal
phase. Therefore, the intensity of Ni-Fe alloy phase was very low
in Sr2 Fe1.4 Ni0.1 Mo0.5 O6-δ while the metal precipitation is significantly
enhanced in Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ with A-site deficiency. The exact
composition of the Sr-rich impurity phase was not determined due to
the low intensity.
Morphology change upon reduction of Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ
was further investigated by SEM. Figure 4a shows the SEM image
of Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ after being fired at 1100◦ C in air. Typical
sponge-like powder made by combustion methods with smooth and
well crystallized surface can be observed. The powder surface became
fairly rough upon reduction as shown in Figure 4b. With an enlarged
image and in the areas circled in Figure 4c, it can be seen that a lot of
nano-sized metal particles with diameters arranging from 10 to 50 nm
have been formed on the surface, as detected by XRD. An SEM image
of Sr2 Fe1.5 Mo0.5 O6-δ after being reduced under the similar condition
is shown in Figure 4d for comparison. No evident surface change can
be observed which is consistent with the XRD results in our previous report, indicating the better phase stability of Sr2 Fe1.5 Mo0.5 O6-δ
in reducing atmosphere.6
In order to verify the metal phase location in reduced
Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ , HRTEM was conducted on powders before and after reduction and the images are shown in Figure 5. In

Figure 4. SEM images of (a) Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ synthesized in air,
(b), (c) reduced Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ in different magnifications with some
of the particles circulated, and (d) Sr2 Fe1.5 Mo0.5 O6-δ reduced in H2 (3 vol%
H2 O) at 800◦ C for 10 h.
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Figure 5. (a) Bright field TEM image and (b) HRTEM image of
Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ , (c) Bright field TEM image of reduced
Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ , HRTEM image of (d) a typical metal alloy particle and (e) the furry surface of reduced Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ .

accordance with the SEM observation, bright field TEM image of
Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ before reduction exhibits smooth contours of
the particles as seen in Figure 5a. The lattice parameter measured on
the HRTEM image in Figure 5b was about 0.276 nm, corresponding to
the reflection originating from the perovskite crystal plane (110). Significant morphology change of the reduced Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ is
revealed by the furry contours of the powder as shown in the bright
field TEM image in Figure 5c. Figure 5d shows the HRTEM image of a typical nano-sized metal alloy particle generated by reduction. The particle size was about 15 nm and the crystal plane (111)
of cubic Ni-Fe alloy with d-spacing of 0.207 nm was observed.25
Figure 5e shows the HRTEM image of the furry surface of the reduced
Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ . It can be seen that this layer was composed
of smaller particles less than 5 nm. Several small zones showing a
d-spacing of 0.178 nm, corresponding to (200) plane of the Ni-Fe
alloy phase, can be observed. According to EDS analysis, the Ni/Fe
ratio is around 10 at% in the furry surface area, higher than that of
5 at% measured in the region beneath the surface, confirming the
precipitation trend of Ni during reduction. Besides the metal alloy
phase, crystal grains with d-spacing of 0.295 m and 0.255 nm were
also determined in Figure 5e in the furry surface area. These planes
are probably corresponding to (111) and (200) of cubic SrO (JCDPS
#48–1477) which was not detected by XRD due to the low content. It
suggests that the reduction also caused slight surface decomposition
of Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ .
Bulk electrical conductivity of Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ was measured by a dc four-probe method in both air and H2 and the results are compared with that of Sr2 Fe1.5 Mo0.5 O6-δ in Figure 6. Modoped SrFeO6-δ shows a p-type conduction behavior in oxidizing
atmospheres.26 Since Ni-doping and Sr-deficiency can all be considered as p-type doping for Sr2 Fe1.5 Mo0.5 O6-δ , improved conductivity of Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ was observed below 500◦ C when
the doping was dominantly compensated by electron holes. At
higher temperatures, ionic charge compensation by oxygen vacancies started to take effect. Since the oxygen vacancies are easier
to form in Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ , its conductivity dropped below
that of Sr2 Fe1.5 Mo0.5 O6-δ when temperature increased. The comparison of conductivity in air between Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ and
Sr2 Fe1.5 Mo0.5 O6-δ confirms that Ni was well incorporated into the lattice before reduction. However, Mo-content in the ceramic phase will
slightly increase for the reduced Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ , which will
be beneficial to the n-type conductivity, due to the loss of Fe and Ni
from the lattice. Together with the conductive metal phase, the conductivity of reduced Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ in H2 was evidently higher
than that of Sr2 Fe1.5 Mo0.5 O6-δ . Its electrical conductivity reached

Figure 6. Electrical conductivity of Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ (solid) and
Sr2 Fe1.5 Mo0.5 O6-δ (open).

29 S cm−1 at 800◦ C, which is sufficient for applying this material
in a composite anode of SOFCs.
Single cell performance of Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ -SDC composite anode was tested on LSGM electrolyte with a LDC interlayer
and LSCF cathode. Figure 7 shows the cell performance as well
as the corresponding impedance spectra at 750, 800, and 850◦ C in
H2 . The peak power density at 800◦ C reached 968 mW cm−2 which
is evidently higher than that of the cell with Sr2 Fe1.5 Mo0.5 O6-δ or
Sr2 Fe1.5 Mo0.5 O6-δ -SDC anodes in similar cell configurations.27,28 Such
improvement can be attributed to the good catalytic activity of the
metal alloy phase formed in the anode. However, the fuel cell power
output is still lower than that of Ni-modified Sr2 Fe1.5 Mo0.5 O6-δ prepared by an infiltration method reported in our previous work.13,14
It is mainly due to the different amount of effective metal catalysts

Figure 7. (a) I-V and I-P curves and (b) impedance spectra of
Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ -SDC anode tested in H2 (3 vol% H2 O) at 700, 750
and 800◦ C with LSGM electrolyte and LSCF cathode.
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Figure 10. Cell voltage and resistance of Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ -SDC anode versus time during redox cycling at 800◦ C.
Figure 8. Voltage dependence on time of a single cell with Sr1.9 Fe1.4 Ni0.1
Mo0.5 O6-δ -SDC anode under a constant current load of 540mA cm−2 in H2
(3 vol% H2 O) at 800◦ C.

in the anodes. Extracting all Ni from Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ only
yields 1 wt% of Ni in the anode and considering the observation of
Ni-Fe alloy the portion of reduced metal Ni should be even smaller
for Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ in this work. Additionally, the formation
of alloy may also result in different catalytic activity comparing with
the single metal phase.
Stability of Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ -SDC was investigated by operating the fuel cell under a constant current load in H2 at 800◦ C.
The voltage dependence on time is shown in Figure 8. Similar to other
material systems which can generate nano metal particles upon reduction in anode conditions, a gradual increase in cell performance was
observed in the first 60 h for the Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ -SDC anode,
probably due to the accumulation of metal catalysts on the surface.
After reaching the maximum cell power output, the cell performance
degraded at a very low rate. Similar degradation behavior was also
reported for La0.8 Sr0.2 Cr1−y Xy O3 , X = Ni and Ru, and Ni in which a
high coarsening rate of the nanosized metal particles was thought to
cause the performance degradation.16 However, the furry surface on
the reduced Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ as well as the formation of alloy
may account for the slower degradation rate observed in this study for
inhibiting the growth of metal particles.
Impedance spectra of the cell before and after the galvanostatic cell
test were recorded under open circuit conditions in H2 and the Nyquist
plots are shown in Figure 9. It can be seen that the high frequency
arc decreased slightly while the low frequency arc increased slightly

Figure 9. Nyquist plots of a single cell with Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ -SDC
anode before and after the galvanostatic test.

after the test. As long as the metal alloy gradually accumulated on
the surface in H2 , the H2 adsorption/desorciation and charge transfer
may be further facilitated. This may account for the decrease of the
high frequency polarization resistance. For the enlarged low frequency
arc in the impedance spectra, it may be related to the coarsening of
metal particles as reported for other material systems.16,18 Another
possible reason may be the blockage of gas diffusion passages by
Sr-riched phase from reduction. However, the overall change in the
impedance spectra after the stability test was subtle, indicating good
cell performance stability of the composite anode.
Redox stability of Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ -SDC anode was investigated at 800◦ C by switching the fuel gas between H2 and air. After
each cycle, the fuel cell was operated under a galvanostatic condition in H2 for about 1 h and the impedance spectra were recorded.
The change on time of cell voltage and resistances determined
from the impedance spectra during five redox cycles are shown in
Figure 10. It can be observed that the cell voltage in H2 under a current load was even improved after 5 cycles when compared with the
initial value. During two of the redox cycles, the anode was exposed
to air for almost 20 h but the cell performance was found not sensitive to the anode exposure time in air. From the resistance results
shown in Figure 10, it can be also seen that the major change was
from the polarization resistance which also dominated the overall cell
impedance while the ohmic resistance wasn’t affected by the redox
cycling. The polarization resistance decreased after the fuel cell being
operated in H2 for 1 h in each cycle, indicating the re-established
metal phase plays an important role in improving the single cell performance. Obviously, the polarization resistance decreased after five
redox cycles as shown in Figure 10. It was consistent with those reported elsewhere that the redox cycling may help regenerating the
nano-sized metal phase on the ceramic oxide.18 Generally speaking,
Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ -SDC anode showed excellent stability during
redox cycling.
Since Ni-Fe anode has been demonstrated to have
good performance in propane,29 the anode performance of
Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ -SDC in propane was also investigated. The
initial cell peak power density only reached 227 mW cm−2 at 800◦ C
as shown in Figure 11a. A huge low frequency arc was observed in the
impedance spectra in Figure 11b, indicating that the cell performance
was limited by gas diffusion. The cell was operated under a current
load of 300 mA cm−2 for about 18 h and a substantial amount of liquid
oil products was detected at the anode exhaust outlet. These longer
chain hydrocarbons may be produced by dehydrogenation of propane
in the anode, implying that the anode was not active enough to fully
oxidize propane. Interestingly, the OCV was improved from 1.08 V to
1.14 V temporarily after the galvanostatic test and cell performance
were. Similar phenomenon in propane has also been reported for
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upon redox cycling and Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ has excellent redox
stability. Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ -SDC anode also showed reasonable
cell performance when propane was used as fuel. This study indicates
that Sr1.9 Fe1.4 Ni0.1 Mo0.5 O6-δ is a very promising alternative anode
material with enhanced catalytic activity and excellent redox stability
inherited from the parent material Sr2 Fe1.5 Mo0.5 O6-δ for solid oxide
fuel cells.
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